Racemic as well as optically pure fused tricyclic β-lactams are regio and stereoselectively prepared via intramolecular nitrile oxide-alkene cycloaddition reaction of 2-azetidinone-tethered alkenyl oximes or nitro alkanes. The process is more efficient when the nitrile oxide moiety is separated by a methylenic group, rather than being directly linked to the C-4 position of the fourmembered ring.
Introduction
A 2-azetidinone (β-lactam) skeleton is well established as the key pharmacophore of β-lactam antibiotics, the most widely employed class of antibacterial agents. 1 The importance and structural diversity of biologically active β -lactam antibiotics led to the development of many novel methods for the construction of appropriately substituted 2-azetidinones with attendant control of functional groups and stereochemistry. Tricyclic β-lactam antibiotics, generally referred to as trinems, are a new class of synthetic antibacterial agents featuring good resistance to β-lactamases and dehydropeptidases. 2 Besides, the ever-growing new applications of 2-enantiomers from the corresponding imine of (R)-2,3-O-isopropylideneglyceraldehyde, through a Staudinger reaction with the appropriate alkoxyacetyl chloride in the presence of Et 3 N. 13 Transesterification of 3-acetoxy-2-azetidinone (+)-2d with sodium methoxide in methanol gave alcohol (+)-3, which by treatment with allyl bromide under basic conditions gave the 2-azetidinone (+)-4. Standard acetonide hydrolysis of compounds 2a-c and (+)-4 followed by oxidative cleavage of the resulting diols smoothly provided 4-oxoazetidine-2-carbaldehydes 1a-d ( Figure 1 ). 9 Having obtained the aldehydes, the next stage was set to carry out the oxime or nitro derivatives formation and the subsequent dipolar cycloaddition reactions. 
Figure 1
The target molecules in the present study were derived from the intramolecular 1,3-dipolar cycloaddition of the appropriate β-lactam-tethered alkenyl nitrile oxide. This strategy should allow us to get a rapid access to unusual polycyclic β-lactams. Cycloadduct precursors, 2-azetidinone-tethered oximes 5, were smoothly prepared by the condensation of 4-oxoazetidine-2-carbaldehydes 1 with hydroxylamine hydrochloride in benzene at room temperature in the presence of triethylamine (Scheme 1). Oximes 5 were obtained in almost quantitative yields as a mixture of isomers (E/Z) and were used for next step without further purification. Importantly, the β-lactam ring stereochemistry was unaffected by this process. 
Scheme 1
Nitroalkanes 8 were prepared following the procedure developed by Palomo for related substrates.
14 The reaction of nitromethane with 4-oxoazetidine-2-carbaldehyde (+)-1a in the presence of triethylamine gave a diastereomeric mixture (75:25) of nitro-aldol product (+)-6a (Scheme 2). 
OH
The dehydration of nitroaldols 6 was achieved when the hydroxy group was mesylated by methanosulfonyl chloride in the presence of triethylamine. There was no epimerization of the corresponding β-lactams under the reaction conditions as the 1 H NMR of the olefins 7 showed the presence of only a single E-isomer. The nitro olefins were reduced to nitro alkanes 8 by stirring with tributyltinhydride in dichloromethane/methanol (9:1) for 24 hours at room temperature (Table 1) . Standard chlorination of oximes 5 with N-chorosuccinimide or sodium hipochlorite, followed by Et 3 N treatment may generate nitrile oxides intermediates, which should afford the corresponding 1,3-dipolar cycloadducts. Disappointingly, poor yields of tricycles 9 were obtained under a variety of conditions (Table 2) . Table 2 . Intramolecular 1,3-dipolar cycloaddition reaction of 2-azetidinone-tethered alkenyl nitrile oxides The significant recovered amount of the starting oximes, point to difficulties in the nitrile oxide formation step. This fact could explain, at least in part, the low yields for cycloadducts 9. Results above show that the intramolecular 1,3-dipolar cycloaddition nitrile oxide reaction (INOC) of alkenyl 2-azetidinones, bearing nitrile oxide moieties directly linked to the C-4 position of the four-membered ring, is a modest entry to tricyclic 2-azetidinones with a sixmembered ring fused to the β -lactam nucleus, but it is not possible to obtain a central fivemembered ring.
Our next target was to use the nitroalkanes 8 as INOC reaction precursors to generate the corresponding nitrile oxides via Mukaiyama's method. 15 Indeed, the treatment of nitro derivatives 8 with phenyl isocyanate under triethylamine catalysis, afforded the corresponding tricyclic isoxazolines 10 (Scheme 3). The reaction of nitro alkane (+)-8a proceeded in a total stereoselective fashion, achieving the tricyclic 2-azetidinone (+)-10a in good yield (83%) as a single isomer. The INOC reactions of the nitrile oxides derived from nitro compounds (+)-8b and (±)-8c were less stereoselective (Scheme 3). Diastereomers (±)-10c and (±)-10d were separated by column chromatography, while compound 10b was characterized as a mixture of unseparable isomers.
The reaction of nitro aldol 6a deserves a special mention. On treating compound 6a with acetic anhydride and Et 3 N, tricycle 11 was obtained in 30% yield as a mixture (65:35) of diastereomers. The process must start through the generation of the dipole (nitrile oxide) with simultaneous protection of the hydroxyl group. Next, the 1,3-dipolar cycloaddition should take place followed by an elimination of acetic acid (Scheme 4). 
Scheme 4
The nitrile oxide formation must be prior to the hydroxyl group elimination, because on trying to react the nitro alkene (+)-7a under the above reaction conditions, or under other typical reaction conditions of dipole generation of diene (+)-7a was unaltered (Scheme 5). 
Scheme 5
The structure and stereochemistry of all compounds were assigned by NMR studies. The cisstereochemistry of the four-membered ring was set during the cyclization step to form the 2-azetidinone ring, and it was transferred unaltered during the further synthetic steps. The tricyclic structures (by DEPT, HMQC, HMBC, and COSY) and the stereochemistry (by vicinal proton couplings and qualitative homonuclear NOE difference spectra) of β-lactams 9-11 were established by NMR one-and two-dimensional techniques. Thus, a syn-relative disposition between H4 and H9 was assigned for compound (-)-9b with a long distance coupling constant through four bonds J 4,9 = 1.5 Hz. Furthermore, NOE-irradiation of H4 on compound (-)-9b resulted on enhancements on the signal corresponding to H5 eq (3%), H2 ax (2%), H3 eq (2%), and H9 (1%), which is in agreement with the proposed stereochemistry. Irradiation of H2 on compound (+)-9c gave a NOE enhancement of 1% on H7, while the long distance coupling constant J 2,7 = 0.9 Hz. Thus, a syn-relative disposition between H2 and H7 was assigned for tricycle (+)-9c ( Figure 1 
Figure 1
An anti-relative stereochemistry between the β-lactam hydrogens (H9 and H10) and H3, as well as a trans-diaxial disposition between H2 ax and H3 was assigned for compound (+)-10a on the basis of coupling constants (J 9,10 = 4.1 Hz, J 2ax,10 = 1.1 Hz, J 2ax,2eq = 12.9 Hz, J 2ax,3 = 10.2 Hz). This stereochemistry was confirmed via NOE enhancement on H8 eq (7%) and H3 (1.1%) on irradiating H8 ax , and on H2 eq (12%), H4 ax (3%), and H9 (1.3%) on irradiating H2 ax . The stereochemistry for tricycles (±)-10c and (±)-10d was deduced in an analogous way (Figure 2 Figure 2 
Conclusions
The intramolecular 1,3-dipolar cycloaddition nitrile oxide reaction (INOC) of alkenyl 2-azetidinones, bearing nitrile oxide moieties directly linked to the C-4 position of the fourmembered ring, is a modest entry to tricyclic 2-azetidinones with a six-membered ring fused to the β-lactam nucleus. However, the INOC reaction of related alkenyl 2-azetidinones bearing nitrile oxide moieties separated by a methylenic group to the C-4 position is a fair entry to this kind of β-lactams. 
General procedure for the synthesis of 2-azetidinone-tethered oximes 5
Hydroxylamine hydrochloride (2.0 mmol) and triethylamine (2.0 mmol) were sequentially added at room temperature to a well stirred solution of the corresponding 4-oxoazetidine-2-carbaldehyde (1.0 mmol) in benzene (10 mL). After the resulting suspension was stirred at room temperature overnight, the solvent was removed under reduced pressure. Then, the mixture was diluted with dichloromethane and washed with saturated aqueous NaHCO 3 and water. The 
General procedure for the synthesis of nitroalkanes 8
To a solution of the corresponding nitroalkene (1.0 mmol) in dichloromethane (4.0 mL) and methanol (0.4 mL) was added tributyl tin hydride (0.31 mg, 1.2 mmol), and the mixture was stirred at room temperature for 24 h. Evaporation of the solvent under reduced pressure gave an oil, which was triturated with ethanol and filtered off to give the corresponding nitroalkane, which were purified by chromatography on silica gel. 
